The influence of food supply on the parasitoid Cotesia plutellae regarding the survival and reproductive potential of a non-target pest, pea leafminer Chromatomyia horticola, was examined in the laboratory. The male longevity of the leafminer dramatically increased when sugar or honey was available. On the other hand, sugar-or honey-fed females lived shorter lives than those fed on the host plant. Lifetime copulation times of the males were increased by their food supply. The lifetime fecundity of a pair significantly increased sugar or honey was supplied. This phenomenon was mainly explained by the positive relationship between the fecundity and the copulation count of females. We discuss the risk of an additional food supply increasing the numbers of non-target pests.
INTRODUCTION
The diet of adult female parasitoids has important effects on lifetime reproductive success (e.g., Hagan, 1986; Jervis et al., 1996; Heimpel et al., 1997) . Adult females of many parasitoid species obtain the materials necessary for adult maintenance and survival by feeding on a number of sugar sources (Jervis et al., 1996) . Lack of a food source strongly inhibits a wasp's host-searching behavior (Stapel et al., 1997) . The availability of sugar sources varies in both natural and agricultural settings. The food source of most parasitoids is not known (Jervis et al., 1993; Jervis and Kidd, 1996) , but we can readily assume that sugar sources in the field include floral and extrafloral nectar as well as honeydew excreted by homopteran insects (Rogers, 1985; Evans, 1993; Jervis and Kidd, 1996) . On the other hand, many authors have noted that a lack of sugar availability may temporarily or permanently limit the reproductive success of parasitoids in agricultural systems (Bosch and Telford, 1964; Powell, 1986; Emden, 1990; Heimpel et al., 1997) . Most greenhouses shelter only one or two commercial crops, and no food sources are available for parasitoids (Heimpel et al., 1997) . Under these conditions, an artificial food supply is important to ensure effective utilization of natural enemies (Powell, 1986; McDougall and Mills, 1997) .
When several pests are simultaneously present, however, it is possible that an artificial food supply for parasitoids of the target pest will lead to increased numbers of non-target pests. For crop production, when the increased losses caused by the larger number of non-target pests exceed the savings made due to the increased performance of parasitoids, an artificial food supply is not an effective method of integrated pest management (IPM). To avoid the risk of the utilization of the food site by non-target pests, one possible answer is the discovery of a sugar source that is usable only by parasitoids. Many authors have compared sugars contained in nectar or honeydew with respect to their utilization by various parasitoids (e.g., Jacob and Evans, 2000; Wackers, 2001; Azzouz et al., 2004) . As a general pattern, parasitoids can effectively utilize glucose, fructose and sucrose. On the other hand, the usability of trehalose varies among parasitoid species (Wackers, 2001; Winkler et al., 2005) . If it were possible to select sugars that are only usable by the parasitoid of target pests and not usable by non-target pests, it would result in a major advance in the techniques of artificial food supply.
Cotesia plutellae (Kurdjumov) (Hymenoptera: Braconidae) is one of the most common native solitary endoparasitoids attacking the larval stages of the diamondback moth, Plutella xylostella L. (Lepidoptera: Yponomeutidae) (Okada, 1989; Bach and Tabashnik, 1990) , and is reported to be a powerful agent for suppressing the population density of P. xylostella in many countries (Chua and Ooi, 1986; Lim, 1986; Kojima, 1997) . Thus, it is valuable to consider how to conserve and utilize C. plutellae in agricultural systems for successful IPM programs. Mitsunaga et al. (2004) showed that the longevity and parasitization ability of C. plutellae dramatically increased when an artificial food supply, especially honey, was provided. Winkler et al. (2005) showed that the parasitoid Diadegma semiclausum Hellen (Hymenoptera: Ichneumonidae) could utilize trehalose for survival but P. xylostella could not. The mean longevity of trehalose-fed C. plutellae females is 4.8 d (Mitsunaga, unpublished data) and is significantly longer than those of non-fed and water-fed females (e.g., Mitsunaga et al., 2004) . Thus, trehalose may be one of the most suitable sugars as an artificial food supply for C. plutellae-P. xylostella system. In crucifer greenhouses, however, P. xylostella and other pests are simultaneously present, and thus an evaluation of the effect of food supply on the reproduction of these non-target pests is necessary.
The pea leafminer, Chromatomyia horticola (Goureau) (Diptera: Agromyzidae) is one of the most dominant pests in crucifer greenhouses (Mizukoshi and Togawa, 2001) . The females oviposit in the leaf. The females make feeding punctures on the leaf surface using their ovipositor. Males are unable to create their own punctures (Sharma et al., 1997) . Recently, outbreaks of this species have been found because the species has developed a resistance to chemical insecticides (Saito, 2004) . In this paper, we evaluated the influence of food supply on the longevity and fecundity of C. horticola. We compared four sugars-glucose, fructose, trehalose and sucrose, with respect to their utilization by C. horticola. If C. horticola could not utilize trehalose effectively, then we could choose trehalose for the best sugar of artificial food in crucifer greenhouses (e.g., Winkler et al., 2005) . We also examined the mechanism of its increased lifetime fecundity due to food supply.
MATERIALS AND METHODS

Insect rearing.
All insects were reared and tested in an environmental chamber controlled at 25Ϯ1°C, 50Ϯ10% relative humidity (rh), and a photoperiod of L14:D10. The laboratory culture of C. horticola was established using individuals collected in Ayabe, Kyoto Prefecture, Japan, in 2004. The fly culture had been reared on Komatsuna (mustard spinach), Brassica rapa var. previdis L., for more than five generations before the experiments.
Fifty to 100 C. horticola adult flies were released to allow copulation and oviposition on a potted Komatsuna approximately 1 mo old (about 20 cm high) in a netted plastic cage (25 cmϫ 35 cmϫ30 cm). Larvae were fed on the same plants. Several newly emerged adults were introduced into the next netted plastic cage to maintain the culture.
Fly puparia were removed from the stock culture and kept separately in glass tubes until adult emergence. Newly emerged (Ͻ4 h-old) flies were used for experiments.
Experiment 1: The influence of food supply on the longevity of C. horticola. To measure the longevity of unmated flies, individual males or females were placed in plastic Petri dishes (Niplo, 9 cm diam.ϫ2 cm depth), containing 1) no food, 2) distilled water, 3) 2 M glucose solution, 4) 2 M fructose solution, 5) 1 M trehalose solution, 6) 1 M sucrose solution, 7) 50% (v/v) honey solution, or 8) a Komatsuna leaf (about 5 cm). Five 10-ml droplets of water or food solution were placed on the bottom of the dish. When flies were supplied with a Komatsuna leaf, it was protected against desiccation by enclosing the petiole with wet cotton wool and covering it with plastic wrap and placing it on the bottom of the dish. The dishes were examined once a day and the status of the flies (alive or dead) was recorded.
To measure the longevity of mated flies, a pair of flies was placed in a plastic Petri dish containing the same food under the same conditions as in the longevity experiments on unmated individuals.
One day later, the male was transferred from the dish to another one containing the same food. We then compared the longevity of these individuals with virgin individuals.
Thirty replications were performed for each treatment. All longevity data were compared using three-factor ANOVA to evaluate the effect of food, sex and mating.
Experiment 2: The influence of food supply on the oviposition of C. horticola. One 2 wk-old potted Komatsuna plant, about 10 cm high, was placed in a netted plastic cage and a pair of flies was introduced into the cage and allowed to feed and oviposit. After 24 h, the Komatsuna plant was removed and a new plant was introduced. This procedure was replicated daily until the death of the female fly. Four days after removal of the plant, the number of mines of fly larvae and the number of feeding punctures on the Komatsuna plant were counted. Daily fecundity was estimated according to the number of mines. Lifetime fecundity, or total number of feeding punctures, was calculated by the sum of daily fecundity or the sum of daily feeding punctures. As additional adult food, two small balls of cotton soaked with 1) nothing, 2) 1 ml of distilled water, 3) 1 ml of 2 M glucose solution, 4) 1 ml of 2 M fructose solution, 5) 1 ml of 1 M trehalose solution, 6) 1 ml of 1 M sucrose solution or 7) 1 ml of 50% honey solution were placed towards the top of both sides of the netted plastic cage. We recorded the longevity of male and female flies. Ten replicates were conducted for each feeding condition. Univariate ANOVA was performed for comparison among feeding conditions of lifetime fecundity, total number of feeding punctures, male longevity and female longevity.
Experiment 3: Relationship between lifetime copulation count of male C. horticola and food supply. One 2 wk-old potted Komatsuna plant was placed in a netted plastic cage and one male fly and five females were introduced into the cage and allowed to feed and copulate. After 24 h, the female flies were removed and five new females were introduced. This procedure was replicated daily until the death of the male fly. The removed females were introduced individually into another cage containing a Komatsuna plant and we checked whether the female oviposited or not, as in Experiment 2. In our preliminary observations, virgin females did not oviposit. The daily copulation count of male flies was estimated by the number of females that oviposited. Comparing the acceptance time and mating choice, male C. horticola preferred virgin females to already mated females for copulation (Mitsunaga et al., in preparation) . The lifetime copulation count of male flies was calculated by totaling the daily copulation count of male flies. For additional adult food, two small balls of cotton, 1) untreated or 2) soaked in 50% honey solution were placed towards the top of both sides of the netted plastic cage. We recorded the longevity of the male flies. Ten replicates were conducted for each feeding condition. For comparisons of the lifetime copulation count of males, t-tests were performed.
Experiment 4: Relationship between lifetime copulation count of female C. horticola and oviposition. One 2 wk-old potted Komatsuna plant was placed in a netted plastic cage and a female fly was introduced into the cage. After 24 h, a male fly was introduced into the cage and copulation observed. In many cases, copulation was observed within 30 min of male introduction. After copulation, the male fly was removed and a new male was introduced. This procedure was replicated until the female fly had copulated 1-3 times. After copulation, we measured the daily oviposition count using the same method as in Experiment 2. For additional adult food, two small balls of cotton, 1) untreated or 2) soaked in 50% honey solution were placed toward the top of both sides of the netted plastic cage. Ten replicates were conducted for each set of feeding conditions and copulation count. For comparisons of lifetime fecundity and total number of feeding punctures between feeding conditions and among copulation count, two-factor ANOVA was performed.
RESULTS
The influence of food supply on the longevity of C. horticola
Concerning the longevity of C. horticola, an interaction between sex and feeding conditions was observed (Fig. 1, Table 1 ). This interaction was explained by the difference between male and female longevity only when food was a Komatsuna leaf (Fig. 1) . The longevity of Komatsuna-fed females was underestimated because the Komatsuna leaves were observed to become unsuitable as a food plant source within 10 d. To remove the interaction and to classify the effect of food, we re-analyzed the results using three-factor ANOVA without the Komatsuna data (Table 2) . Supplying sugars or honey greatly increased the longevity of both sexes of C. horticola, but no difference in the longevity among sugars or honey was observed (Fig. 1, Table 2 , planned comparison). The effect of water supply on longevity was the same as that for no food supply in both sexes (Fig. 1, Table 2 , planned comparison). No effect on longevity of sex or mating was observed (Fig. 1, Tables 1 and 2) .
The influence of food supply on the oviposition of C. horticola
The effect of food supply on the oviposition of C. horticola was significant ( Fig. 2a , Tables 3 and  4 ). The lifetime fecundity under sugar-or honeyfed conditions was about 500 eggs, double that under water-fed or non-fed conditions (Tables 3  and 4) . No difference was observed in the lifetime fecundity among sugar or honey conditions (Table  4 , planned comparison). The increase of lifetime fecundity was explained by extension of the oviposition period ( Fig. 2a) .
No difference was observed in the number of feeding punctures among feeding conditions ( Fig.   280 T. MITSUNAGA et al. Tables 3 and 4 ). Male longevity was elongated under sugar-fed or honey-fed conditions, but female longevity was not affected by food supply (Tables 3 and 4 ).
Relationship between lifetime copulation count of male C. horticola and food supply
The effect of food supply on the lifetime copulation count of male C. horticola was observed (Fig.  3 , Table 5 ). The lifetime copulation count of male C. horticola under the honey-fed condition was about six, 3.6 times that under non-fed conditions (Table 5 ). The increase in lifetime copulation count was explained by the extension of longevity (Fig.  3) .
Relationship between lifetime copulation count of female C. horticola and oviposition
No effect of food supply on oviposition of female C. horticola was observed, but an effect of copulation count on oviposition was detected ( Figs.  4 and 5, Tables 6 and 7) . The lifetime fecundity of 1-time mated C. horticola was about 250 regardless of feeding conditions, half of that of 3-time mated females. Compared to the number of feeding punctures, no difference was observed for feeding conditions or copulation count (Figs. 4 and 5, Tables 6 and 7).
DISCUSSION
Most female leafminers, including C. horticola, make use of their host plants not only for oviposition, but also for feeding (e.g., Zoebisch and Schuster, 1987; Minkenberg and Ottenheim, 1990; Sharma et al., 1994 Sharma et al., , 1997 . Leafminer females make punctures on the leaf surface using their ovipositor and feed on the leaf sap. In our experiments, sugar-fed or honey-fed C. horticola females lived longer than non-fed or water-fed females, but lived shorter than Komatsuna-fed females (Fig. 1,  Tables 1 and 2) . This fact suggests that nutrients in the Komatsuna leaf sap extremely elongate female longevity. Females of C. horticola may need nitrogen-rich leaf sap for survival, as in the case of females of the serpentine leafminer, Liriomyza trifolii (Burgess) (Diptera: Agromyzidae), which require nitrogen-rich leaf sap for survival and reproduction (Minkenberg, 1988; Minkenberg and Ot-Food Supply and Leafminer Fecundity 281 Fig. 2 . The oviposition curves (a) and the daily feeding puncture curves (b) of Chromatomyia horticola under different food conditions. Error bars are omitted. tenheim, 1990) . The results of long-term experiments showed the total number of feeding punctures to be the same under all feeding conditions (Figs. 2, 4 and 5, Tables 3, 4, 6 and 7) . Although several reports claim that mated leafminer females have shorter lives than unmated females (e.g., Quiring and McNeil, 1984) , no effect of copulation on longevity was detected in our experiment (Fig.  1, Tables 1 and 2 ). Sugar-fed or honey-fed male longevity, on the other hand, was significantly longer than non-fed, water-fed and Komatsuna-supplied male because the males cannot make feeding punctures (Fig. 1 , Table 2 ). Male longevity did not differ among sugars and honey (Table 2 ). In the comparison among male longevity where males lived with females (Experiment 2), sugar-fed or honey-fed males lived significantly longer than non-fed or water-fed males (Tables 3 and 4 ). We therefore conclude that additional sugar or honey supply extends only the longevity of male C. horticola.
Additional food supply did not affect the longevity of C. horticola females, but significantly increased their lifetime fecundity (Fig. 2 , Tables 3  and 4) . No difference in lifetime longevity was observed among the sugars and honey (Tables 3 and  4 ), meaning that we failed to select a sugar that was not usable by C. horticola. The lifetime copulation count of male C. horticola was strongly increased by additional food supply (Fig. 3, Table 5 ). Moreover, the lifetime fecundity of female C. horticola was significantly affected by the frequency 282 T. MITSUNAGA et al. Means are significantly different at pϽ0.05 (t-test). Fig. 3 . The difference of the daily copulation count of Chromatomyia horticola males between non-food condition and honey-fed condition. Error bars show the 95% confidence intervals. Tables 6 and 7) . These results suggest that the effect of additional food supply on the growth of C. horticola population is mainly due to the increase of lifetime copulation count of males and the consequent increase of lifetime fecundity of females. Thus, we conclude that, in agricultural systems, the magnitude of the effect of additional food supply on C. horticola increase is highly dependent on the quality and quantity of other foods (e.g., homopteran honeydew) available to male C. horticola. Several studies have reported the effect of additional food supply on the lifetime fecundity of L. trifolii females in the laboratory (e.g., Charlton and Allen, 1981; Zoebisch and Schuster, 1987; Nagata et al., 1998) . However, these studies have not taken into account the mechanism of increased lifetime fecundity. It may be possible that the mechanism of increased fecundity is common to L. trifolii and C. horticola: Parrella (1987) reported that Liriomyza male and females mate more than once and multiple mating by Liriomyza females is needed for maximum egg production. Many authors have noted that an artificial food supply is of great assistance in the utilization of parasitic wasps in agricultural systems (Bosch and Telford, 1964; Powell, 1986; Emden, 1990; Heimpel et al., 1997) . In particular, very few braconid parasitoids show host-feeding behavior (Jervis and Kidd, 1986) . This makes it particularly important to consider the addition of adult feeding sites to ensure more effective utilization of braconid wasps as biological control agents, especially in commercial greenhouses (Powell, 1986) . However, the risks of food supply facilitating the reproduction of pests have been little considered. In this paper, we examined the effect of food supply on the increase of C. horticola, a sympatric pest of the diamondback moth P. xylostella. The braconid wasp C. plutellae is regarded as a powerful biological control agent of P. xylostella in many countries (Chua and Ooi, 1986; Lim, 1986; Talekar and Shelton, 1993; Talekar and Yang, 1993; Kojima, 1997) , and an additional supply of a 50% honey solution contributes an increase in lifetime fecundity of C. plutellae to about eight-fold (Mitsunaga et al., unpublished) . On the other hand, a food supply may double the expected lifetime fecundity of C. horticola at maximum (Tables 3 and 4 ). Thus, establishing an effective food-supply system that C. horti-cola cannot use in agricultural systems remains a future task.
